The effect of overlapping dynamic visual noise on visually induced self-motion perception (vection) by upward or downward optical flow was tested. The dynamic visual noise consisted of rapidly refreshed sparse random dots. Binocular disparity of the overlapping noise plane was varied. The results showed that when the noise was presented on the flow plane or on a plane farther than the flow plane, vection was totally impaired. This demonstrates that dynamic visual noise is functionally equivalent to static patterns in the vection suppression effect. A possibility of dynamic visual noise as a vection suppressor in an application on a 3-D display is discussed in relation to simulator sickness.
Introduction
When one observes visual motion covering a large region in the visual field, self-motion in the direction opposite to that of the visual motion is sometimes induced. This kind of induced self-motion perception is called "vection". Induced selftranslation perception has been investigated by using linear motion of dots on a flat screen (Johansson, 1977; Kano, 1991; Nakamura and Shimojo, 1999; Ito and Shibao, 1999; Ito, 2004) or by using expanding flow patterns that induce forward vection (Andersen and Braunstein, 1985; Palmisano, 1996) . The present study investigates a factor that suppresses vection. Ohmi et al. (1987) and Ohmi and Howard (1988) showed the importance of the farther stationary stimulus on suppressing vection from rotating or expanding flow. The first author and colleagues also showed the importance of the farther flow in determining a basic vection direction using translational and rotational flows (Ito and Fujimoto, 2003) , and expanding and contracting flows (Ito and Shibata, in press ). In any case, vection is essentially dominated by the farther visual stimulus.
To correctly understand why a farther static stimulus suppresses vection, we tested the suppression effect by superimposing dynamic visual noise on a motion display and compared it with the suppression effect of a static stimulus.
Here we investigate which condition is essential for the vection suppression by the farther stimulus: a static condition or a condition that indicates no consistent motion direction. The farther static stimulus can be a reference frame indicating that there is no relative motion between the observer and the background, whereas dynamic visual noise does not constitute a steady reference frame. If the difference were critical, only the static stimulus may suppress vection. On the other hand, both stimuli do not suggest an observer's self-motion when they are presented alone, because one is static and the other presents random motion. Therefore, it is also possible that presenting these stimuli on the farther plane would make them dominant in determining vection and suppress vection, as a result.
Methods
Four subjects including the authors participated in the experiment. All subjects had normal or corrected-to-normal vision.
The stimulus display was projected on the screen of a rear projection system (Electrohome Electronics, DRAPAR). The size of the screen was 138 cm (horizontal)ϫ104 cm (vertical). The viewing distance was 90 cm. The screen subtended visual angles of 75 deg (horizontally) and 60 deg (vertically). Black cloth covered the left, right and upper sides of the subjects, so that they could not see anything but the display. The stimulus display was generated by a computer (SHARP CZ-644C). The display for each eye was treated as a 256 (vertical)ϫ512 (horizontal) dot matrix. The resolution was not so high, but the quality of motion display was enough to compel subjects to feel self-motion. The dot positions that created motion impression were refreshed at 55 Hz while images on the screen were refreshed at 110 Hz, with image-presentation alternating between each eye. Subjects wore a LCD shutter goggle (CrystalEYES2) to achieve stereoscopic view. The number of dots on each flow pattern (upward or downward) and the suppressing pattern was 400 for all conditions, i.e., when upward flow and dynamic visual noise were presented at the same time, there were 800 dots on the screen for each eye. The luminance of the dot and the background was 7.0 cd/m 2 and 0.01 cd/m 2 , respectively, when measured through the goggle. The diameter of each dot was 8.8 min of arc in visual angle.
The flow conditions used in the experiment are shown in Fig. 1 . Two directions of flow were used: one was upward motion, to induce downward vection, and the other was downward motion, to induce upward vection. Each of these patterns was strong enough to produce vection when it was presented alone, as shown in the results. The dot speed was 20.6 deg/s in both the upward or downward direction. The dots that disappeared at the edge of the screen reappeared at the opposite edge, i.e., the motion pattern was endless. Each flow was presented on a disparity plane that was constant at 52.8 arcmin in an uncrossed direction.
There were two vection-suppressing stimuli. One consisted of 400 static dots positioned randomly over the screen. The other was dynamic visual noise consisting of 400 twinkling dots, i.e., changing their positions randomly synchronized with each screen-refreshment. The disparity of each suppressing stimulus was varied in 7 steps (8.8-96.8 arcmin in an uncrossed direction).
Using a chinrest, subjects viewed a square at the center of the screen (zero disparity plane). The size of the square was approximately 8.5 deg in the horizontal and vertical dimensions. The motion displays were presented for one minute as one trial. Subjects continued to press one mouse button during periods of weak vection and pressed two buttons when they experienced strong vection. When they did not feel any vection, they released both buttons. The button condition was scanned at 27.5 Hz. Trials under all conditions were given to the subjects in a random order with 5 repetitions (at least) of each trial. The repeatedly measured data were averaged within subjects.
Results
As shown in Fig. 2 , when the static dots were presented on a larger-disparity plane (i.e., a plane that was perceptually farther than the flow plane), vection duration was drastically shorter than when they were presented on a smaller-disparity plane. The dynamic visual noise clearly had the same effect as that of the static dots.
A three-way repeated measures ANOVA revealed that only the main effect of disparity was significant (F(6, 84)ϭ28.46, pϽ.0001). The main effects of the flow direction (upward or downward) (F(1, 84)ϭ1.44, pϾ.05) and the quality of the suppressor (static or dynamic dots) (F(1, 84)ϭ.12, pϾ.05) were not significant. No interaction was significant ( pϾ.05). LSD tests revealed that there were significant differences between the 8.8 arcmin and all other disparity conditions but the 26.4 arcmin condition ( pϽ.05), between the 26.4 arcmin condition and all other disparity conditions but the 8.8 arcmin condition, and between the 44 arcmin condition and all other disparity conditions. The difference between the 52.8 and 96.8 arcmin conditions was also significant. Differences between the other combinations of the disparity conditions were not significant (pϾ.05).
According to the number of the pushed button (i.e., 0 for no vection, 1 for weak vection and 2 for strong vection), vection intensity was evaluated and averaged across one minute of each trial. Figure 3 shows the average intensity. The tendency is the same for the duration results shown in Figure 2 . A threeway repeated measures ANOVA revealed that only the main effect of disparity was significant (F(6, 84)ϭ22.28, pϽ.0001). The main effects of the flow direction (upward or downward) (F(1, 84)ϭ1.19, pϾ.05) and the quality of the suppressor (static or dynamic dots) (F(1,84)ϭ.43, pϾ.05) were not significant. No interaction was significant ( pϾ.05). The results of the LSD tests were as the results from the duration data, except that the difference between 52.8 and 96.8 arcmin conditions was not significant here (pϾ.05).
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Controlling Vection by Visual Noise Fig. 1 Simulated depth planes. Upward or downward flow was presented on a fixed depth plane perceptually farther than the fixation square. The vection suppressor was static or dynamic random dots presented on a depth plane chosen from seven possible disparity planes.
These statistics indicate that there is a gradual decrease in vection duration and strength according to the change in disparity of the suppressor from 26.4 to 52.8 arcmin, i.e., from a smaller disparity to the same disparity with that of the vection-inducing flow. The quantity of the suppression effect stayed the same within a range from 52.8 to 96.8 arcmin disparity.
Asymmetry in the results between the upward and downward flow may exist. An upward flow may induce vection more strongly than a downward flow. However, such a difference was not revealed in the ANOVAs noted above. IF a large number of subjects had been used, it may have become apparent. However, the effect does not seem critical here, even if it existed.
Discussion
Our results show that the suppression effects of dynamic visual noise on vection have the same quality as those of a static visual pattern, especially when the dynamic noise is presented on a perceptually farther plane. This suggests that the vection suppression effect reported in the literature is not caused by the farther stimulus being stationary. The stationary or dynamic dots here should have dominated in producing vection when they were on a farther plane. However, they did not indicate a consistent flow direction in which vection was induced. We conclude that the vection suppression effect is explained simply by a dominance change from a consistent flow pattern inducing vection in one direction to an optical pattern inappropriate for inducing vection.
Applications using a virtual reality system make use of vection to emphasize the sense of presence. Amusement parks often utilize vection, presenting adventure-type movies on a huge screen (sometimes in 3-D). However, some people become sick when viewing such motion displays. This phenomenon is considered as a kind of motion sickness and called simulator sickness or cybersickness (McCauley and Sharkey, 1992) . A widely accepted explanation for the phenomenon is that a conflict between signals from visual and vestibular systems causes it. Children seem to easily suffer from motion sickness. In Japan, there even was a case in which junior high school students were sent to the hospital because of motion sickness caused by a movie with jitter in 2003. Highly developed video-games (e.g., "Doom"), which show exciting image motion to simulate observer's views in a 3-D scene, cause simulator sickness even in adults. Regarding motion sickness, the recent popularity of large-screen TV sets or personal 3-D displays will make the environments worse especially for children. Vection is a phenomenon in which visual signals indicating self-motion overcome vestibular signals indicating no selfmotion. Therefore, vection and simulator sickness must be closely related phenomena (Hettinger et al., 1990; Hettinger and Riccio, 1992; Lee et al., 1997; Smart et al., 2002) . Although it is not clear whether vection is a cause of simulator sickness or not, it is possible that conditions that suppress (enhance) vection also suppress (enhance) motion sickness. In fact, jitter in movies seems to enhance vection (Palmisano et al., 2000) , which would enhance motion sickness. It is also reported that a static scene seen through a head-mounted display impairs simulator sickness (Prothero et al., 1999) , corresponding to the well-known phenomenon that the farther static stimulus suppresses vection.
The present study shows that dynamic visual noise impairs vection as effectively as static patterns do. It is possible that the dynamic stimulus also impairs motion sickness when it is presented on a depth plane farther than that of moving images. This means that dynamic noise may work as a vection (or motion sickness) suppressor used in movie applications. Dynamic visual noise may be more practical than static patterns, because static patterns sometimes break the whole movie construction whereas dynamic visual noise does little in this respect.
Another possibility is that dynamic visual noise suppresses vection but does not impair simulator sickness. This would suggest that vection itself is not a cause of simulator sickness. Dynamic visual noise does not indicate an objective vertical or absolute stability as a reference frame. If it could be shown that a reference frame impairs simulator sickness (Prothero et al., 1999) , dynamic visual noise may not impair motion sickness, even though it impairs vection. If this is the case, it may be possible to search for an opposite condition where vection arises without motion sickness.
These possibilities should be examined in the future research. Such studies will contribute to producing safe and comfortable applications using moving images on a large screen without loss of the entertainment factor.
